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(Z)-methyl 3-(1-((E)-1-(4-chlorophenyl)-3-hydroxy-4,4-dimethylpent-1-en-2-yl)-1H-imidazol-

5-yl)acrylate (DSI-505MZ)
Bis(2,2,2-trifluoroethyl)(methoxycarbonylmethyl)phosphonate (9 μL, 19 μmol) was added to a stirred suspension of NaH (60% in oil, 1.5 mg, 40 μmol) in dry THF (3 mL) at 0 °C under Ar, and stirred for 1 h at the same temperature. DSI-502 (5.0 mg, 16 μmol) in dry THF (0.5 mL) was added to the mixture at 0 °C. The reaction mixture was stirred for 2 h at room temperature, and then for 3 h at 75 °C. After being quenched with sat. NH 4 Cl, the resulting mixture was extracted with EtOAc (25 mL × 3). The organic layer was washed with H 2 O, dried over Na 2 SO 4 , and concentrated in vacuo.
The residual oil was purified by silica gel column chromatography with 2% MeOH in CHCl 3 to obtain DSI-504MZ (0. 
(E)-methyl 3-(1-((E)-1-(4-chlorophenyl)-3-hydroxy-4,4-dimethylpent-1-en-2-yl)-1H-imidazol-
5-yl)acrylate (DSI-505ME) and 3-(1-((E)-1-(4-chlorophenyl)-3-hydroxy-4,4-dimethylpent-1-en-
2-yl)-1H-imidazol-5-yl)acrylic acid (DSI-505)
Bis(2,2,2-trifluoroethyl)(methoxycarbonylmethyl)phosphonate (20 μL, 42 μmol) was added to a stirred suspension of NaH (60% in oil, 4.5 mg, 110 μmol) in dry THF (3 mL) at 0 °C under Ar, and stirred for 1 h at the same temperature. DSI-502 (12.7 mg, 34 μmol) in dry THF (1 mL) was added to the mixture at 0 °C. The reaction mixture was stirred for 6 h at room temperature. After being quenched with sat. NH 4 Cl, the resulting mixture was extracted with EtOAc (40 mL × 3). The organic layer was washed with H 2 O, dried over Na 2 SO 4 , and concentrated in vacuo. The residual oil was purified by silica gel column chromatography with 2% MeOH in CHCl 3 to obtain DSI-504ME (3.9 mg, 10 μmol, 32%) and DSI-505 (Z/E mixture (1:2, estimated by integral ratio of H-3), 0. 
Homology modeling
CYP707A3 model. Thirty 3D-models of the CYP707A3 protein were constructed using Modeller 8v2.
The atomic coordinates of the crystal structure of CYP3A4 (1TQN) were used as a template. The first 34 residues of the N-terminus, which is the membrane anchor region, were not constructed.
After adding hydrogens and manually docking S-(+)-ABA, whose geometry was optimized at the B3LYP/6-31G(d) level of theory, the CYP707A3-ABA complex was minimized using the Tinker program with amber99 and modified amber_gaff parameters.
CYP701A3 model. Ten 3D-models of the CYP707A3 protein were constructed using Modeller 8v2.
The atomic coordinates of the crystal structure of CYP2C8 (1PQ2) were used as a template. The first 41 residues of the N-terminus, which is the membrane anchor region, were not constructed. After adding hydrogens and manually docking ent-kaurene, whose geometry was optimized at the B3LYP/6-31G(d) level of theory, the CYP701A3-ent-kaurene complex was minimized using the Tinker program with amber99 and modified amber_gaff parameters.
Enzyme assay
CYP707A3 microsomes. A truncated Arabidopsis CYP707A3 (707A3d28), which lacked the putative membrane-spanning segment of the N-terminus (residues 3-28) was constructed. Cells of E. coli strain BL21 were transformed with pCW-CYP707A3d28 and pACYC-ATR2 constructs. Cultures (3 mL) were grown overnight in Luria-Bertani medium supplemented with ampicillin (50 μg mL -1 ) and chloramphenicol (100 μg mL -1 ). Then, 50 mL of Terrific Broth medium supplemented with ampicillin (50 μg mL -1 ), chloramphenicol (100 μg mL -1 ), and aminolevulic acid (0. For the uninhibited enzymatic reaction, the K M for (+)-ABA was calculated to be 3.4 ± 0.6 μM based on five separate experiments. All tests were conducted at least two times.
Biological assays
Rice growth assay. Seeds of rice (Oryza sativa L. cv. Nipponbare) were sterilized with EtOH for 5 min and washed with running tap water. The sterilized seeds were soaked in water and allowed to germinate for 3 days at 25 °C. The seeds were then placed in a glass tube (40 mm i.d.) containing 2 mL of a test solution and grown with the tube sealed with a plastic cap under continuous light (10000 lux) at 25 °C. When the seedlings were 7 days old, the length of the second leaf sheath was measured, and the inhibition ratio was calculated.
Lettuce growth assays. Five seeds (Lactuca sativa L. cv. Grand Rapids) were placed on two sheets of filter paper soaked in 0. analogues with a disubstituted azole ring (DSI). These analogues were expected to have higher selectivity than UNI because the added functional group may interact with the active site to restrict orientation of the molecule in the active site. DSI-505ME and DSI-505MZ, which have an imidazolyl group with a methyl 5-acrylate, strongly inhibited recombinant CYP707A3, with no growth-retardant effect.
Uniconazole is an azole-containing cytochrome P450 inhibitor developed as a plant growth retardant in the 1980s. 1,2 UNI has since been used as a plant growth regulator in agriculture and horticulture. The main site of action of UNI is suggested to be ent-kaurene oxidase (CYP701A), which catalyzes the three-step oxidation of ent-kaurene to ent-kaurenoic acid, 3 a biosynthetic precursor of the plant hormone gibberellin (GA). This has prompted researchers to use UNI as a chemical tool inhibiting GA biosynthesis. However, UNI also inhibits brassinosteroid biosynthesis 4, 5 and alters the level of other plant hormones, such as auxins, cytokinins, ethylene and abscisic acid (ABA). 6 Recently, Kitahata et al. 7 and Saito et al. 8 revealed that UNI strongly inhibits ABA 8'-hydroxylase (CYP707A 9,10 ), a key enzyme in ABA catabolism (Figure 1 ).
Azole-type P450 inhibitors including UNI bind to the target P450 active site by both coordinating to the heme-iron atom and interacting with surrounding protein residues.
Because heme coordination is a common property of azole-containing inhibitors, their affinity and specificity for individual P450 enzymes depend on structural properties other than the azole group. UNI may be small and flexible enough to embed itself into various substrate-binding pockets, where UNI may adopt a distinct conformation and orientation for different active sites. Ketoconazole, a well-known antifungal drug, binds to various P450 active sites in different conformations and orientations ( Figure 2) . In homology models for CYP707A3 and CYP701A3, the active site void spaces that are close to the heme differ in size and shape ( Figure 3 ). Although these models have low reliability because of the low sequence similarity (~25%) to template proteins, we speculated that UNI may inhibit various P450 enzymes in a manner similar to the case of ketoconazole. Based on this speculation, in previous works, we generated selective inhibitors of CYP707A by elongating or conformationally freezing the UNI molecule. 11, 12 In this study, we focused on restricting azole orientation by using a disubstituted azole ring for the monosubstituted ring of UNI. A functional group introduced into the azole of UNI can have a new interaction with the active site residues, causing advantageous or disadvantageous reorientation in binding to the active site. This reorientation depends on the active site profile, which will be different for different P450 enzymes. We designed and synthesized seven UNI analogues with a disubstituted imidazole (DSI) (Figure 4 ), which has an oxidized functional group at C2" or C5", in hopes of electrostatic or hydrogen-bonding interactions in addition to steric effects. We checked the enzyme selectivity of the DSI by examining both the inhibitory activity of DSI compounds against recombinant CYP707A and the plant growth retardant effect caused mainly by inhibition of gibberellin biosynthetic enzymes including CYP701A and CYP88A.
DSI-201, DSI-501, and DSI-502 were prepared by a method reported earlier. 11 Oxidation of DSI-201 with MnO 2 gave not the aldehyde but the tautomeric isomer, the cyclic hemiacetal, which was previously reported as a conformationally restricted UNI analogue. 11 Other disubstituted UNI analogues were synthesized from DSI-501 according to Scheme 1.
Methylation and ethylation of DSI-501 with methyl iodide and ethyl iodide, respectively, gave DSI-503 and DSI-504 with 22% and 89% yield. DSI-505MZ and DSI-505ME were prepared by a Horner-Emmons reaction of DSI-502 with the phosphonoate. This reaction gave a mixture of E and Z isomers of DSI-505M, DSI-505ME and DSI-505MZ. The major product was the E isomer at room temperature, whereas it was converted into the Z-isomer by rising the reaction temperature to 75 °C. The free acid DSI-505 yielded a E/Z mixture (1:2) by partial alkaline hydrolysis during aqueous work-up of the reaction.
The inhibitory activity against ABA 8'-hydroxylase was examined using recombinant Arabidopsis CYP707A3 co-expressed with Arabidopsis P450 reductase (ATR2) in
Escherichia coli. 12 The activity was evaluated based on the decrease in the enzymatic product, phaseic acid, caused by addition of a test compound at a concentration two times higher (10 μM) than the substrate S-(+)-ABA (5 μM). 12 For compounds showing >90% activity, the inhibition constant (K I ) was measured. The plant growth-retardant effect was examined using rice seedlings to estimate the concentration giving 50% inhibition (IC 50 ). The results are summarized in Table 1. DSI-201 was much less effective in both assays. This compound is substituted at C2" adjacent to N3", which actually coordinates to the heme iron. The C2" hydroxymethyl group may interfere with N-Fe coordination. DSI-501, DSI-502, and DSI-503 were less effective than UNI by a factor of 20-50 in both assays. The hydroxymethyl, formyl, and methoxymethyl groups at C5" may have a similar unfavorable effect on binding to the active sites of CYP707A and CYPs involved in plant growth. DSI-504, with the C5" ethoxymethyl group, was less effective than DSI-501, DSI-502, and DSI-503 in both assays. This may be because of the larger steric effect by substituents at both C5" and C3. DSI-505MZ and DSI-505ME exhibited CYP707A inhibitory activity equivalent to that of DSI-501, DSI-502, and DSI-503 in spite of its larger C5" substituent, whereas it had little inhibitory activity on rice seedling growth. This suggests that the methyl acrylate moiety at C5" is tolerated in the CYP707A active site, but not in those of CYPs involved in plant growth. Considering that DSI-505MZ and DSI-505ME were less effective CYP707A inhibitors than UNI and the inhibitory potency was largely independent of the acrylate E/Z geometry, the acrylate at C5" may function as a steric obstacle, and neither an electrostatic nor a hydrogen-bonding donor or acceptor, for the amino acid residues in the active site; its sterically unfavorable effect may be too small for CYP707A to allow the inhibitor azole to orient to the heme iron, but too large for CYPs involved in plant growth to allow it. On the other hand, the free acid DSI-505 (E/Z mixture) exhibited little inhibitory activity in either assay. Because the P450 active site is generally hydrophobic, the carboxylate may not be accepted. We cannot discuss the structure-activity relationships in greater detail due to the lack of structural characterization of CYP707A and the CYPs involved in plant growth.
We tested the effect of DSI-505ME on early growth of lettuce in the presence and absence of ABA. DSI-505ME exhibited no significant effect at the tested concentrations of 0.1 to 100 μM, whereas it enhanced the effect of 10 μM ABA upon simultaneous application of 100 μM inhibitor ( Figure 5 ). This suggests that DSI-505ME acts as an inhibitor of CYP707A in vivo as well as in vitro to keep a high concentration of ABA.
Finally, we found a more selective azole inhibitor than UNI by replacing the monosubstituted azole with the disubstituted one. This design strategy may be useful for increasing the selectivity of azole CYP inhibitors. → rt, 32% (DSI-505ME) and 6% (DSI-505). 
